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DECLARATION UNDER 37 C.F.R. § 1.132 OF ABANESHWAR PRASAD 
I, Abaneshwar Prasad, hereby declare that: 

1 . I am employed by Cabot Microelectronics Corporation. \ am the inventor, along 
with my colleague Ronald Myers, of the subject matter disclosed and claimed in the subject 
patent application (hereinafter "our invention").- 

2. 1 have a Ph.D. in polymer physics from Florida State University and was a 
National Science Foundation post-doctoral research and teaching fellow at Virginia Polytechnic 
Institute and State University. I have worked in industry since 1992. I was employed as a senior 
research scientist at Equistar Chemical Company for over eight years (now Lyondell Basel) and 
have been employed at Cabot Microelectronics Corporation as a senior scientist for over ten 
years. 1 have published more than 25 articles and book chapters relating to various aspects of 
polymer physics. I have seventeen United States Patents issued to my name. 

3. I previously submitted two declarations during prosecution of the pending patent 
application. See "Declaration Under 37 CJF.R. § 1.132 of Abaneshwar Prasad" dated June 1, 
2005, and "Declaration Under 37 C.F.R. § 1.132 of Abaneshwar Prasad" dated March 8, 2006. 
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4. As described in my previous Declaration dated June t, 2005, all known porous 
polymeric materials have a positive Poisson's ratio unless they are specially treated so as to 
convert them into a material having a negative Poisson's ratio. See Lee et aL, "Anisotropic 
Polyurethane Foam With Poisson's Ratio Greater Than One," Journal of Materials Science, 32: 
2397 (1997), attached as Exhibit A, As such, porous polymeric materials having a negative 
Poisson's ratio are uncommon. In fact, such materials were generally thought to be impossible 
to prepare until 1987 when Dr. Lakes reported the preparation of such negative Poisson's ratio 
materials by subjecting a conventional polymeric foam to triaxial compression combined with 
heating in a mold to a temperature slightly above the softening temperature of the polymeric 
foam. See Lakes et ah s "Foam Structures with a Negative Poisson's Ratio/'' Nature, 235: 1038 
(1987), attached as Exhibit B, 

5. To my knowledge, the use of a porous polymeric material having a negative 
Poisson's ratio in a polishing pad was not known prior to our invention. 

6. Moreover, the compression and temperature conditions necessary to convert a 
porous polymeric material having a positive Poisson's ratio to a porous polymeric material 
having a negative Poisson's ratio are not consistent with conventional processes for making 
polishing pads that were known at the time of our invention. In particular, a porous, polymeric 
material must be placed in a mold, tri-axially compressed (in the x y y, and z dimensions) to 
between 60% and 80% of its original size, heated to above the softening temperature of the 
material (e.g., to a temperature between 160° C and 210° C), held at that temperature for a period 
of time ranging from a few minutes to an hour, and then, allowed to cool to room temperature 
while still in the mold. Conventional processes that were known in the art for making polishing 
pads at the time of our invention utilize, for example, (1) polymerization of liquid pre-polymer 
in-situ at polymerization temperatures of below 100° C without the application of pressure, (2) 
application of a super-critical gas to a polymer sheet to create pores in the polymer at high 
temperatures and pressures, (3) solid sheet (non-porous) extrusion, (4) sintering, and (5) 
solvent/non-$olyent coagulat ion, Mot only is the use of the triaxial compression and temperature 
conditions necessary for the creation of a negative Poisson's ratio material inconsistent with the 
conventional methods for making polishing pads, but the application of these conditions to many 
conventional polishing pads (e.g., polishing pads comprising non-porous solid polymeric 
materials) would not necessarily produce a negative Poisson's ratio material, because the 
materials utilized in the polishing pad may not possess the special characteristics that allow 
porous polymeric materials to be compressed in each of the three dimensions. 
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7. Prior to our invention, there were several known methods to improve the abrasion 
resistance of polishing pads. For example, U,S. Patent 5,094,670 discloses a process for making 
a polishing pad wherein a nonwoven fabric of a synthetic fiber is impregnated with a 
polyurethane solution in order to improve abrasion. U.S. Patent 5,736,453 discloses the use of 
shape memory materials to density the polishing pad in order to decrease wear over the life of 
the polishing pad. U.S. Patents 6,454,634 and 6,582,283 teach synthetic and/or chemical 
modifications of pad materials to improve impact resistance and pad wear and abrasion 
resistance. Prior to our invention, the potential impact on abrasion resistance of a porous 
polymeric material having a negative Poisson's ratio was not known, 

8. While polishing pads must exhibit sufficient abrasion resistance to withstand 
polishing processes, polishing pads must hot exhibit so much abrasion resistance that they are 
resistant to conditioning processes that utilize abrasion to remove build-up that accumulates 
during polishing processes. A polishing pad with too much abrasion resistance may not he able 
to be adequately conditioned and, therefore, could lose polishing activity. Prior to our invention, 
there was no way to know whether a porous polymeric material modified to have a negative 
Poisson's ratio would provide the appropriate level of abrasion resistance necessary for good 
polishing activity. 

9. While conventional porous polymeric -material having a positive. Poisson's ratio 
contracts laterally when stretched, a porous polymeric material having a negative Poisson's ratio 
expands laterally when stretched. 

10. In particular, a conventional polymer material having a positive Poisson's ratio 
resists a change in volume more than it resists a change in shape. As such, when a conventional 
polymer material having a positive 'Poisson's ratio is stretched, it contracts laterally. This 
contraction places considerable stress on the polymer chains within the polymer materia!. This 
increase in stress due to contraction can be observed in a stress-strain curve and is referred to as 
strain-hardening, Specifically, when the polymeric material contracts laterally (alter any elastic 
deformation), the stress-strain curve rises substantially reflecting the increase in stress placed on 
the polymer chains in the material. The increase continues until the breaking point. For 
conventional polymeric materials having a positive Poisson's ratio, the increase in stress (and 
subsequent rise in the stress-strain curve) can occur just following the yield point or shortly 
thereafter depending on whether the material is crystalline, cross-linked, or amorphous, 

11. A polymer material having a negative Poisson's ratio resists a change in shape 
more than it resists a change in volume. As such, materials having a negative Poisson's ratio do 
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not contract laterally when they are stretched, Rather, these materials expand laterally when 
stretched and contract when compressed. Because the polymeric material does not contract 
laterally, there is no stress placed on the polymer chains within the polymeric material. As a 
result, polymeric materials having a negative Poisson's ratio have a markedly different stress- 
strain curve. Eventually all polymeric materials undergo some strain hardening; however, the 
strain hardening is significantly delayed in polymeric materials having a negative Poisson's ratio. 
This means that a stress-strain curve for a negative Poisson's ratio material does not show a 
masted rise following the yield point but will remain substantially flat as the strain is increased. 
This flat portion reflects the fact that the polymeric material is not contracting laterally and 
thereby placing stress on. the polymer chains, but rather is expanding. See F. Scarpa el a!., 
"Passive and MR-Fluid Coated Auxetic Foam - Mechanical and Electromagnetic Properties, 5 " 
Journal of Intelligent Material Systems and Structures, 15: 973 (2004), attached as Exhibit C; as 
well as Frits et al., "Negative Poisson's Ratio Polymeric and Metallic Foams/' Journal of 
Materials Science, 23: 4406 (1998), attached as Exhibit D. 

12. The differentiating behavior of negative Poisson's ratio material provides 
increased resiliency to the porous polymeric material, which creates many benefits in chemicai- 
mechanical polishing applications that were previously unavailable in the art. When a material 
having a. negative Poisson's ratio is subjected to stresses, including those imposed on the 
polishing pad during polishing processes, the material will display greater durability and less 
deformation. 

13. Conventional polishing pads use macrotexture (e.g, grooves), microtexture (e.g., 
texture created by diamond conditioning disks), and porosity as vehicles to absorb and transport 
slurry (see, e.g., U.S. Patents 5,489,233; 6,217,434; 6,287,185). While such pad materials are 
susceptible to plastic deformation and glazing due to accumulation of polishing debris, efficient 
replenishment of the polishing surface is achieved by abrasion of the pad surface material via 
diamond conditioning. Diamond conditioning, however, can shorten pad life due to excessive 
removal of the pad surface material. Insufficient conditioning, on the other hand, can also 
shorten pad life due to glazing. Unlike conventional polishing pads, the use of a porous 
polymeric material having a negative Poisson's ratio in a polishing pad allows for self-cleaning 
during polishing processes, which increases pad durability and pad life. The cells (i.e., pores) of 
a negative Poisson's ratio material are formed into a ^re-entrant" shape, which bulges inwards 
and unfolds under tension, thereby resulting in a lateral expansion. This "re-entrant" cell 
structure improves the flow of the slurry during polishing and reduces the need for diamond pad 
conditioning because the polishing debris have less tendency to accumulate on the pad surface 
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(re-entrant -cell structure allows absorption of by-products that can be simply washed away by 
high pressure water rinse in between polishing steps), thereby resulting in increased pad life. 

14, In addition, the use of a porous polymeric material having negative Poisson's 
ratio results in a polishing pad having improved stress distribution and shock absorbing 
capabilities, which, makes the pad less likely to deform with increased polishing. Because the 
process used to create a negative Poissoirs ratio material increases the density of the material, 
the resulting material is stronger and better able to absorb shocks and stresses that can result 
from polishing processes. Such materials exhibit a nearly linear relationship between 
compressive stress and strain, and can strain up to 40% with no abrupt collapse of cell structure, 
thereby making a polishing pad containing this material more resilient and less deforcnable under 
compression than conventional polishing pads. See Lakes et aL, "Foam Structures with a 
Negative Poissoirs Ratio/- Nature, 235: 1038 (1987), attached as Exhibit B. Less pad 
deformation results in more uniform polishing throughout the life of the pad with improved 
planarization. 

15. Moreover, the improved resilience of a polishing pad containing a negative 
Poisson's ratio material will reduce "edge-on" eff ects during polishing processes. Specifically, 
such a polishing pad is able to better withstand the impact forces that result when the polishing 
pad contacts a wafer. A polishing pad comprising negative Foisson's ratio material is 
sufficiently compliant thai it is able to distribute concentrated force, but also sufficiently rigid 
that it will not compress despite the force, A conventional porous polymeric material that has 
not been modified to have a negative Poissoirs ratio does not show any particular resilience 
under stress. See F. Scarpa et aL, "Passive and MR-Fluid Coated Auxetic Foam - Mechanical 
and Electromagnetic Properties," Journal of Intelligent Material Systems and Structures. 15: 973 
(2004), attached as Exhibit C, 
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16. I. hereby declare that all statements made herein of my own knowledge are true, 
that all statements made on information and belief are believed to be true, that these statements 
were made with the knowledge that willful false statements and the like so made are punishable 
by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code, and 
that such willful false statements may jeopardize the validity of the application or any patent 
issued thereon. 
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Anisotropic polyurethane foam 
with PoissoiTs ratio greater than 1 

Lee, T. and Lakes, R. S., 
"Anisotropic polyurethane foam with Poisson's ratio greater than 1", 
Journal of Materials Science , 32, 2397-240 1,(1 997). 



Abstract 

Anisotropic polymer foams have been prepared, which exhibit a Poisson's ratio exceeding 
1, and ratios of longitudinal to transverse stiffness exceeding 50. The foams are as much as 20 
times stiffer in the longitudinal direction than the foams from which they were derived. The 
transformation process involved applying a uniaxial stress sufficient to produce 25% to 45% axial 
strain to open-cell polyurethane foam, heating above the softening point, followed by cooling 
under axial strain. 

1. Introduction 

A cellular material is one made up of an interconnected network of solid struts or plates 
which form edges and faces of cells. It may be viewed as a composite consisting of a solid phase 
and empty space or a fluid phase such as air. Cellular solids have served structural roles in nature 
as honeycombs, bone and coral skeletons, for millions of years. Man, on the other hand, has only 
recently begun to realize the potential of these materials and has made an attempt to utilize their 
structure-property relations in practical applications. 

Cellular solids, including foams, are very efficient structures in terms of optimizing 
strength and stiffness with respect to weight. Foam materials have often been called "nature's 
equivalent of the I-beam" [1], and are commonly employed in cushioning, insulating, padding and 
packing et al. Encouraged by the engineering potential of cellular materials, one is motivated to 
understand the mechanical behavior of the cellular solid. 

All commonly known cellular materials (naturally existing and man-made), have a convex 
cell shape and exhibit a positive Poisson's ratio which is defined as the negative of the lateral strain 
divided by the axial strain when a load is applied in an axial direction. Such materials undergo a 
lateral contraction in response to an axial stretch, and a lateral expansion when subjected to axial 
compression. Therefore, for all ordinary materials, Poisson's ratio has a positive value. For 
reference, typical Poisson's ratios for some common material are 0.5 for rubbers, 0.33 for 
aluminum, 0.27 for most steels, 0.1 to 0.4 for typical polymeric foams, and nearly zero for cork 
[2]. 

The theoretical allowable range of Poisson's ratio for isotropic materials in three 
dimensions is -1 to 0.5 as demonstrated by energy arguments [3]. An isotropic material with 
negative Poisson's ratio, however, was not believed to exist until recent work by Lakes [4]. The 
fabrication was achieved through a transformation of the cell structure from a convex polyhedral 
shape to a concave shape. These types of foam samples having a negative Poisson's ratio have 
been termed "re-entrant" due to their macrostructural appearance and behavior. Prior experiments 
in preparing and studying re-entrant polyurethane foam (Scott industrial foam) [4, 5, 6], silicone 
rubber foam [5] and metal foam [4, 5, 7] dealt with open-cell foam. Different techniques were used 
for each of these materials. 

In this study, an open-cell polyurethane foam was strained in tension at elevated 
temperature, resulting in characteristic permanent transformations. Scott Industrial foam with a 
pore size 0.4 mm (65 pores per inch (ppi)) was used. This is similar, except for pore size, to the 
Scott foam (25 ppi) used in earlier studies of creation of negative Poisson's ratio foam [4, 5, 6]. 
This procedure resulted in completely different properties than those achieved in compressed 
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foams. Specifically, Poisson's ratios exceeding one were achieved. Moreover, substantial 
anisotropy in stiffriess was generated. 



2. Experimental procedure 

2.1 Rationale 

The Scott Industrial foam used in this study is a green polyurethane foam which has on 
average 65 pores per inch (ppi). From previous work, Scott foam of larger pore size [4] shows 
maximum re-entrant properties for final volumetric compression ratios of 3.3 to 3.7 [6]. Also, 

foam transformations at 170°C for 17 minutes gave rise to a minimum value of v (-0.7). These 
results, however, are based on a triaxial, mold compression procedure. In the present study, the 
Scott Industrial foam was placed under a uniaxial tension load and then, by heating and cooling, 
permanently deformed. Ultimately, it was desired to compare the mechanical properties (especially 
Poisson's ratio) of permanently stretched foam with triaxially compressed structures. In particular, 
it was anticipated that Poisson's ratio greater than 1/2 could be achieved. 

2.2 Materials 

The polyurethane foam [Scott Industrial foam, p* = 0.03 g/cm^ (mass/volume), ps = 1 .05 

~ 1.25 g/cm^ for solid polyurethane [8], I (length of cell rib) = 0.4 ± 0.03 mm] was obtained from 
Foamade Industries, Auburn Hills, MI, USA. The foam is reticulated with an open cell structure. 
The foam was provided in 2 meter lengths with a 5 cm x 5 cm square cross-section. This material 
was then cut into lengths for specimens. There was some variation in the relative density in each 
bar, however, the variation was considered negligible. The specimens were made geometrically 
similar so that changes in strain rate with time would be similar for all samples. 

2.3 Specimen preparation 

The foam samples were cut into bars with dimensions of 5 cm x 5 cm x 30 cm. Holes 
were punched through two opposite sides of the foam, 5 cm from each end. Two 0.5" (12.7 mm) 
diameter bars were pushed through these holes and mounted to a constant-strain jig. Dimensional 

measurements for Poisson's ratio, v, were taken for every 1 cm increment of axial displacement 
until the specimen failed. The oven was preheated to 30°C higher than the predetermined 
temperature (170°C) to compensate for a drop in temperature due to placement of the test jig. The 
samples were heated to a temperature in the range of 165°C - 175°C (via a mercury thermometer 
protruding from the oven top) for 17 minutes, as described in earlier studies of negative Poisson's 
ratio materials [4], [6]. The foam was then cooled to room temperature and the permanent strain 
was evaluated from dimensional measurements with a micrometer. 

2.4 Scott foam test 

Tensile tests were performed on the specimen with three settings of initial permanent strain: 
0% (conventional or control), 25%, 35%, and 45%. Following procedures similar to those used in 
a prior study of conventional and re-entrant foam [6], the present foams were studied over a range 
of testing strains. For conventional Scott Industrial foam, Poisson's ratio increases rapidly under 

25% ~ 45% tensile strain, with a maximum of v = 0.55 at s — 45%. Any further increase in strain 
results in a gradual decrease in Poisson's ratio from its peak value. It was decided to produce 
permanent transformation strain from 25% - 45%, since this region in the nonlinear behavior of 
conventional foam [6] produces a rapid change in Poisson's ratio with increasing strain. Three 
experiments with each strain value of foam were performed, the summarized data are plotted in the 
Results and Discussion section. 

Fiduciary marks were made for displacement evaluation using a fine, indelible marker near 
the center of each specimen; the marks were made sufficiently far from the ends that the strain field 
would be uniform by virtue of Saint Venant's principle. These gauge lines were drawn in the 
middle of one side of the specimen; 4 cm apart in the longitudinal direction and 2 cm apart in the 
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transverse direction. Another set of lines for use in measuring both longitudinal and transverse 
strains was drawn on an adjacent face of the sample. Incremental differences in the spacing of the 
gauge lines were measured to calculate longitudinal and transverse strains to infer Poisson's ratio 
of the foam. 

The top of each marked line was used as a reference point for measurement to minimize 
error. Although the measurements were taken with special care, the results showed errors at small 
strains. This can be attributed in part to the limiting resolution of one's eye (0.1 mm) in 
comparison with the size of the open cell structure of the foam specimen and the size of the ink 
marks. The calculated Poisson's ratio values had higher error for lower strain due to uncertainty in 
measured displacement; these errors were plotted as error bars in Fig. 1 . 

Engineering stress-strain curves were plotted from the load-displacement data. These tests 
were performed with the use of several dead weights suspended from the end of the specimen. The 
weights were converted to metric (N) and original cross-sectional area (Ao) was calculated from the 

bar dimensions. The strains (e) in the direction of the applied load for each weight were plotted 
with stress (P(N)/A 0 ). 

Both tensile and compression tests of all samples were performed to observe the 
mechanical behavior of the specimens. The modulus of elasticity of the material at small strains can 
be taken as the tangent modulus, Et- In tensile tests, several data points were obtained for each 

sample's a-e curve. The tangent modulus, Et, was taken between the origin and the first data 
point. The secant modulus, Es, was found as the slope between the origin and the last data point. 
In compression tests, the final incremental load added to the column where buckling occurred was 
considered the critical buckling load. A 15-cm test section was cut from the middle of the sample, 
to avoid inhomogeneities caused by end effects. All of these columns were made geometrically 
similar, since the height of a column is inversely proportional to the square of the critical Euler 
buckling load. 

In this study, the Young's modulus of each foam was already analyzed by virtue of its 
stress-strain curve. Also, the force causing catastrophic buckling to the column specimen was used 
to calculate the buckling strain in accordance with Hooke's law. 

2.5 SEM evaluation of foams 

The transformed and nontransformed Scott Industrial foams (polyurethane) were used in 
Scanning Electron Micrograph (SEM) evaluation (x 80). The transformed foams used in this 
analysis were subjected to a uniaxial tension as a result of permanent tensile strains of 25%, 35%, 
and 45% respectively. These pictures show the types of cell microstructure present in these foams. 
A Hitachi "Nature" SEM (Model No. S-2460N at Central Electron Microscopy Research Facility) 
was used for the study. The term "Nature" refers to a variable pressure inside the specimen 
chamber. An accelerating voltage of 3 keV was used to take micrographs of the samples which 
were sputter-coated with Au-Pd. 



3. Results and Discussion 

The Poisson's ratio versus engineering strain for the control and permanently stretched 
foam samples (for both sides) with 25%, 35%, and 45% strains are plotted in Fig. 1. Both 
adjacent sides of samples (Side A, Side B) show agreement with data points from Poisson's ratio 
measurements within the error bars. Therefore only data points from side A measurements were 
plotted in Fig. 1 to reduce the complexity of the figure. The control specimens exhibit a Poisson's 
ratio near 0.3 for lesser tensile strain and exceeds, then approaches, a value of 0.5 in tension, at 
large strain. A Poisson's ratio of greater than 0.5 does not violate any physical laws, but illustrates 
a possible anisotropic behavior due to the large strains causing alignment of cell ribs. The 
permanently deformed foam samples indicate similar behaviors, in which the Poisson's ratios were 
near 1.1 initially for small tension strains, then approached 0.6 for large tension strains. A 
maximum of Poisson's ratio was found to be at a strain value around 0.04. After this maximum, 
the Poisson's ratio of permanently deformed foam samples tended to converge on a value range of 
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0.5 - 0.8. Both specimen types (control and deformed) show a converging Poisson's ratio for 
strains larger than 25%. Tension tests of deformed samples were limited to smaller strains, since 
the foam was observed to tear near the supports for strain levels in the gauge section beyond 0.3. 

Calculations for error bars in Fig. 1 were based on (i) the uncertainty in evaluating the 
distance between two marks, and (ii) the uncertainty from the limiting resolution of one's eye (0.1 
mm). Where no error bars are visible, the uncertainty is smaller than the resolution of the graphic 

data point. The error bars are larger at smaller strain values because the differences in s between 
original and deformed samples are small. 

The Poisson's ratio in the transverse (perpendicular to the load used to create permanent 
axial deformation) direction was found to be large at high tensile engineering strains. Large strains 
were needed in these tests since the transverse specimens were small, so that displacement for a 
given strain was smaller than in the case of the larger longitudinal specimens. Transverse plane 

Poisson's ratio values were measured to be approximately 1.5 at e = 0.5, in contrast to the 
Poisson's ratio of the control material: 0.5. The Poisson's ratio of the control material in the 
transverse plane was identical to the Poisson's ratio in longitudinal tests, confirming the isotropy 
of the unprocessed foam. 

As for compression, the buckling strains exhibit decreasing values with increasing 
permanent strains. This behavior also can be explained by the reduction of resilience in samples 
processed at higher permanent strains. Actually it is simple. With processing, the stiffness 
increases due to cell rib alignment, but the collapse strength, governed by rib buckling, does not 
change much; consequently the strain associated with material buckling decreases with processing 
permanent strain. 

Buckling in compression limited the measurements in compression since a measuring 
measurement of strain, needed to infer modulus and Poisson's ratio, can only be made under 
conditions of uniform strain in the gauge section. The buckling was an internal buckling (Fig. 2) 
rather than Euler column buckling. Buckling was observed even in very short specimens. 

Band instability due to microbuckling has been seen previously in the plateau region of 
conventional foams [9]. Although those bands were of low contrast, presently observed specimen 
buckling is more macroscopic and more easily observable. 

Engineering stress-strain curves for both longitudinal and transverse directions were 
evaluated from tensile tests of original and permanently stretched Scott Industrial foam samples. 
Resulting stress-strain curves for the axial (strained-tensional) direction are plotted in Fig. 3. 
Specimens with higher degrees of permanent strain, exhibited a higher stiffness and a lower strain 
value at failure. This phenomenon may be due to the fact that the highly stretched foam was already 
near the limitation of maximum strain for the foam material. 

From the experimental stress-strain curve, the Young's modulus, E, was calculated via two 
graphical methods. The tangent modulus, Et, is considered the slope of the line from the origin to 
the first data point. The secant modulus, E s , was found as the slope of a line between the origin 
and a data point. For this comparison, the last data point in the series was used. These moduli are 
plotted in Fig. 4 versus permanent strain values. The longitudinal tangent modulus increased 
rapidly with the larger permanent strain values. These results, as inferred from the previous graph, 
show that the foam becomes stiffer in the axial (strained-tensional) direction by increasing the 
permanent strain value. 

Fig. 5 shows the engineering stress-strain curves for tests measuring transverse sections of 
control and permanently stretched foams. As opposed to Fig. 3, stretched specimens with higher 
permanent strains show larger strain values at a given stress level. The transformed foam is 
anisotropic: it is much stiffer in the longitudinal direction than it is in the transverse direction. 

Both secant and tangent moduli for the transverse direction were calculated from the data in 
the previous graph and displayed in Fig. 6. For a small strain range, data acquisition for tangent 
modulus was difficult due to a decrease of relative resolution. This problem was solved by using a 
"polynomial" function for curve fitting in the graphing software. Each stress-strain curve was 

considered as a quadratic function a = Ete + Ac^ and the value Et from the curve-fit was used as 
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tangent modulus. Both mechanical moduli rapidly reduce with higher values of permanent strain in 
the foams. The transformed foam is considerably more compliant for tension in transverse 
directions than for the longitudinal direction (the direction of the permanent stretch). 

Fig. 7 shows the micrograph of a control foam sample. The cells in this foam are rather 
round and symmetrical. It can be observed that cell ribs have a triangular cross-section. In 
comparison to the cellular structure in the control foam, the cells of the transformed foam are 
elongated and appear more irregular as shown in Fig. 8. In permanently stretched foam, cell ribs 
tend to align in one direction. Cell structures show sharp elliptical pores compared with the original 
foam. This type of combined deformation provides a reason for the small strain range observed in 
highly transformed specimens. Thus the SEM pictures confirm previous observations of 
mechanical anisotropy. 

Foams which were transformed by permanent uniaxial stretching exhibited increased axial 
stiffness (by as much as a factor of 20), larger Poisson's ratio in excess of 1, and orientation of the 
microstructure. Poisson's ratios exceeding 1/2 are permissible in anisotropic materials. Indeed, 
hexagonal honeycombs can exhibit Poisson's ratio of 1, and if they have oriented hexagonal cells, 
greater than 1, in certain directions [2]. 

Materials with v > ^ in both transverse directions have been termed "stretch densifying" in 

the terminology of Baughman [10], who found certain (anisotropic) crystals to exhibit such a 
property. The present foams exhibit a controllable stretch-densifying property, achieved by 
processing. The present anisotropic foams are in contrast to the re-entrant foams developed by one 
of the authors [4]; these foams were produced by triaxial permanent compression, and they 
exhibited reduced Young's modulus, negative Poisson's ratio, and a micro-buckling of the 
microstructure due to the processing. 

4. Conclusions 

1. The Poisson's ratio of samples with 25%, 35%, and 45% permanent uniaxial strains was 
about 1.1 at small tensile strain. These foams exhibited maximum values of Poisson's ratio around 
1.5 at a strain of 0.04. At higher strain, the Poisson's ratio of both transformed and control foams 
tended to converge on a value range of 0.5 ~ 0.8. 

2. Compression experiments at small loads disclosed an internal banding form of buckling in 
permanently stretched foams. 

3. The transformed foam becomes stiffer in the axial (strained-tensional) direction, by a factor 
ofupto20. 

4. The values of secant and tangent modulus in the transverse direction of permanently 
stretched foams decrease with increasing permanent strain values. The transformed foam is 
considerably more compliant in tension, in transverse directions, than for longitudinal directions 
(the direction of the permanent stretch). 

5. SEM pictures of permanently stretched polyurethane shows elongated and irregular cell 
structure than control foams. This deformation characteristic accounts for the anisotropy observed 
in highly transformed specimens. 
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Figures 

Figure 1 Poisson's ratio versus engineering strain for original and permanently stretched Scott 
Industrial foam samples; solid diamond represents internal buckling strain; Poisson's ratio not 
measured. Circles, squares, diamonds and triangles represent control, permanent strain values of 
25%, 35%, and 45%, respectively. 

Figure 2 Demonstration of the buckling in the permanently stretched Scott foam under 
compression 

Figure 3 Engineering stress versus strain curve for original and permanently stretched Scott foam 
samples in longitudinal direction. Circles, squares, diamonds and triangles represent control, 
permanent strain values of 25%, 35%, and 45%, respectively. 

Figure 4 Longitudinal Young's modulus versus permanent strain for original and permanently 
stretched Scott foam samples. Circles and squares represent secant and tangent modulus, 
respectively. 

Figure 5 Engineering stress versus strain curve for original and permanently stretched Scott foam 
samples in transverse direction. Circles, squares, diamonds and triangles represent control, 
permanent strain values of 25%, 35%, and 45%, respectively. 

Figure 6 Transverse Young's modulus versus permanent strain for original and permanently 
stretched Scott foam samples. Circles and squares represent secant and tangent modulus, 
respectively. 

Figure 7 Scanning electron micrograph of conventional Scott Industrial foam. Magnification x 
80, accelerating voltage 3 keV. 

Figure 8 Scanning electron micrograph of 45% permanently stretched Scott Industrial foam. 
Magnification x 80, accelerating voltage 3 keV. 
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Figure 1 Poisson's ratio versus engineering strain for original and permanently stretched Scott 
Industrial foam samples; solid diamond represents internal buckling strain; Poisson's ratio not 
measured. Circles, squares, diamonds and triangles represent control, permanent strain values of 
25%, 35%, and 45%, respectively. 



Figure 2 Demonstration of the buckling in the permanently stretched Scott foam under 
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Figure 3 Engineering stress versus strain curve for original (control: zero permanent strain) and 
permanently stretched Scott foam samples in longitudinal direction. Circles, squares, diamonds 
and triangles represent control, permanent strain values of 25%, 35%, and 45%, respectively. 
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Figure 4 Longitudinal Young's modulus versus permanent strain for original (control: zero 
permanent strain) and permanently stretched Scott foam samples. Circles and squares represent 
secant and tangent modulus, respectively. 
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Figure 5 Engineering stress versus strain curve for original (control: zero permanent strain) and 
permanently stretched Scott foam samples in transverse direction. Circles, squares, diamonds and 
triangles represent control, permanent strain values of 25%, 35%, and 45%, respectively. 
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Figure 6 Transverse Young's modulus versus permanent strain for original (control: zero 
permanent strain) and permanently stretched Scott foam samples. Circles and squares represent 
secant and tangent modulus, respectively. 



Figure 7 Scanning electron micrograph of conventional Scott Industrial foam. Magnification x 
80, accelerating voltage 3 keV. 

Figure 8 Scanning electron micrograph of 45% permanently stretched Scott Industrial foam. 
Magnification x 80, accelerating voltage 3 keV. 
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Fig. 4. The function^D^j) as described in the text 
is the average of data taken from 20 scans, and is 
based on 15 different values ofD^ and 9 reflectiv- 
ity thresholds (for a total of 9 x 15 x 20 = 2700 
dimensions). Averages and standard deviations, 
indicated by the error bars, arc plotted. The least- 
squares linear regression is shown and has a 
horizontal intercept (D d - d^) of 2.22. 



Furthermore, the above formula for C D JT,) 
shows that 

k 

y(z>ei) = (£> d /4] - i)2c 2 (r,) (4) 

Hence J[D C \) is linear. 

Figure 4 shows the result as D e \ is varied 
through 15 values between 3.0 and 2.13; 
the latter was the lowest value accessible 
with the data set [this corresponded to 
boxes of 1 by 1 by 1 pixel and boxes 190 by 
190 by 2 pixels (twice the anisotropic scale), 
where 2.13 = 2 + log 2/log 190}. The same 
nine thresholds were used as before. The 
function j{D c i) was determined separately on 
20 radar rain fields; the linear regression 
shown yields = 2.22 ± 0.07. The error is 
the standard deviation of d& estimated from 
each of the 20 scans separately. These scans 
were chosen at random from data from the 
Montreal region during summer of 1984, all 
on separate days. The individual slopes and 
axis intercepts varied by ±11 and ±9 percent, 
respectively, which indicated that any system- 
atic variation is small. 

An obvious application of this result is to 
quantitatively measure the stratification. For 
example, the rain field is considerably more 
stratified than the wind field, which has a 
value 4, - 23/9 = 2.555 . . . that has been 
estimated from energy spectra and dimen- 
sional arguments (6). These elliptical dimen- 
sions are necessary in both additive (8) and 
multiplicative [cascade-type (7, 9, 10, 22, 
23)] stochastic mesoscale modeling {16). In 
numerical weather prediction models, the 
calculated and empirical values of d a can be 
compared to study the "stochastic coher- 
ence" (24) of the calculated values. When 
fields are stratified, efficient modeling and 
measurement procedures must involve choos- 
ing discrete vertical and horizontal scales that 
arc "comparable"; the elliptical dimension 
gives us the required exponent. This poses 
interesting theoretical questions for dynamical 
models that involve interacting fields with 
different degrees of stratification. 
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Foam Structures with a Negative Poisson's Ratio 

Roderic Lakes 

A novel foam structure is presented, which exhibits a negative Poisson's ratio. Such a 
material expands laterally when stretched, in contrast to ordinary materials. 



VIRTUALLY ALL COMMON MATE Ri- 
als undergo a transverse contraction 
when stretched in one direction and 
a transverse expansion when compressed. 
The magnitude of this transverse deforma- 
tion is governed by a material property 
known as Poisson's ratio. Poisson's ratio is 
defined as the negative transverse strain 
divided by the axial strain in the direction of 
stretching force. Since ordinary materials 
contract laterally when stretched and expand 
laterally when compressed, Poisson's ratio 
for such materials is positive. Poisson's ra- 
tios for various materials are approximately 
0.5 for rubbers and soft biological tissues, 
0.45 for lead, 0.33 for aluminum, 0.27 for 
common steels, 0. 1 to 0.4 for typical poly- 
mer foams, and nearly zero for cork. 

Negative Poisson's ratios are theoretically 
rxtrmissible but have not, with few excep- 
tions, been observed in. real materials. Spe- 
cifically, in an isotropic material (a material 
that docs not have a preferred orientation) 
the allowable range of Poisson's ratio is 
from —1.0 to +0.5, based on thermody- 
namic considerations of strain energy in the 



theory of elasticity (J). It is believed by 
many that materials with negative values of 
Poisson's ratio are unknown (i); however, 
Love (2) presented a single example of cubic 
"single crystal" pyritc with a Poisson's ratio 
of -0.14 and he suggested that the effect 
may result from a twinned crystal. Analysis 
of the tensoriai clastic constants of anisotro- 
pic single crystal cadmium suggests that 
Poisson's ratio may attain negative values in 
some directions (3). Anisotropic, macro- 
scopic two-dimensional flexible models of 
certain honeycomb structures (not materi- 
als) have exhibited negative Poisson's ratios 
in some directions (4). These known exam- 
ples of negative Poisson's ratios all depend 
on the presence of a high degree of anisotro- 
py; the effect only occurs in some directions 
and may be dominated by coupling between 
stretching force and shear deformation. The 
materials described in this report, by con- 
trast, need not be anisotropic. 

Foams with negative Poisson's ratios were 
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produced from conventionaj low-density 
open-cell polymer foams (Fig. 1) by causing 
the ribs of each cell to permanently protrude 
inward; this resulted in a reentrant structure 
such as that shown in Fig. 2. An idealized 
reentrant unit cell is shown in Fig. 3. A 
polyester foam (5) was used as a starting 
material and was found to have a density of 
0.03 g cm -3 , a Young > s modulus of 71 kPa, 
a cell size of 1 .2 mm, and a Poisson's ratio of 
0.4: The method used to create the reentrant 
structure is as follows. Specimens of conven- 
tional foam were compressed triaxialiy, that 
is, in three orthogonal directions, and were 
placed in a mold. The mold was heated to a 
temperature slightly above the softening 
temperature of the foam material, 163° to 
\7VC in this case. The mold was then 



cooled to room temperature and the foam 
was extracted. Specimens that were given a 
permanent volumetric compression factor of 
between 1.4 and 4 during this transforma- 
tion were found to exhibit negative Pois- 
son's ratios. For example, a foam subjected 
to a permanent volumetric compression fac- 
tor of 2 had a Young's modulus of 72 kPa, 
and a Poisson's ratio of -0.7. Polyester 
foams of similar structure and properties, 
but different cell sizes (0.3, 0.4, and 2.5 
mm), transformed by the above procedure 
were also found to exhibit negative Pois- 
son's ratios. Reticulated metal foams were 
transformed by the alternate procedure of 
plastically deforming the material at room 
temperature. Permanent compressions were 
performed sequentially in each of three or- 





Rg. 1 (top). Stereo phorograph of a conventional open-cell polymer foam. Scale mark, 2 mm. Fig. 
2 (bottom). Stereo photograph of a reentrant foam. Permanent volumetric compression factor is 2.7. 
Poisson's ratio is -0.6. Scale mark, 2 mm. 
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Rg. 3. Idealized reentrant unit cell produced by 
symmetrical collapse of a 24-sided polyhedron 
with cubic symmetry. 



.thogonal directions. Foams transformed in 
this way were also found to exhibit reentrant 
structures. 

The casual observer may comment that 
materials with negative Poisson's ratios arc 
counterintuitive in that they do not conserve 
volume. This is not objectionable since there 
is no law of conservation of volume. Various 
observers develop insights about these phys- 
ical properties from rubbery materials that 
are indeed nearly incompressible. Neverthe- 
less, such common materials such as steel, 
aluminum, conventional foams, and hard 
plastics have Poisson's ratios that differ from 
0.5, hence these materials do not conserve 
volume. All known materials, including the 
ones described here, obey conservation of 
energy, which restricts Poisson's ratio to be 
between —1.0 and 0.5 for isotropic materi- 
als. The physical origin of the negative 
Poisson's ratio can be appreciated in view of 
the idealized unit cell shown in Fig. 3. 
Tension applied to the vertical links will 
cause the ceil to unfold and expand laterally. 
The actual cell structure (Fig. 2) also con- 
tains ribs which are bent and protrude into 
the cells. 

Foams with negative Poisson's ratios were 
found to be more resilient than conventional 
foams. Foams with a typical structure of 
tetrakaidecahedral (14-sided) cells (6) exhib- 
it an approximately linear compressive 
stress-strain curve up to about 5% strain (7). 
At higher strains, the cell ribs buckle and the 
foam collapses at constant stress. Reentrant 
foams exhibited a nearly linear relation be- 
tween stress and strain up to more than 40% 
strain, with no abrupt collapse. Resilience 
was enhanced for deformation in each of 
three orthogonal directions. Improved resil- 
ience (in one direction) has also been report- 
ed in foams compressed permanently in one 
direction (uniaxially) (£). I prepared such 
foams and found that they exhibited Pois- 
son's ratios near zero. They did not exhibit 
negative values. 

It is notable that the theory of elasticity 
contains no characteristic length scale. The 
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phenomenon of a negative Poisson's ratio 
consequently does not require a coarse cellu- 
lar structure or depend on the structure size. 
In principle, materials with microstnicturc 
on a scale smaller than 1 jxm couJd exhibit a 
negative Poisson's ratio. The theory of elas- 
ticity also predicts a variety of unusual phe- 
nomena to occur in solids with a negative 
Poisson's ratio. For example, the top and 
bottom lateral surfaces of a bent prismatic 
beam of a conventional material with a 
positive Poisson's ratio assume a saddle 
shape: the "antidastic curvature"" of bend- 
ing, in which the transverse curvature is 
opposite the principal curvature of bending 

(9) . In the case of a negative Poisson's ratio, 
the theory of elasticity predicts that these 
surfaces will assume an ellipsoidal shape, or 
a syn clastic curvature. I have observed such 
synclastic curvature in bent bars of trans- 
formed foam. Furthermore, in the indenta- 
tion of a block of material caused by a 
localized pressure distribution, the indenta- 
tion for a given pressure is proportional to 
(1 - v 7 )t£, in which E is Young's modulus 
and v is Poisson's ratio. Consequently, a 
material with a negative Poisson's ratio ap- 
proaching the thermodynamic limit v — 
— 1.0 will be difficult to indent even if the 
material is compliant. The origin of this 
predicted phenomenon may be traced to the 
relation between the shear modulus G, the 
bulk modulus B (the inverse of the com- 
pressibility), and Poisson's ratio v: B = 
2G(1 + v)/(l - 2v). When the Poisson's ra- 
tio approaches 0.5, as in rubbery solids, the 
bulk modulus greatly exceeds the shear 
modulus and the material is referred to as 
incompressible. When Poisson's ratio ap- 
proaches -1.0, the material becomes highly 
compressible; its bulk modulus is much less 
than its shear modulus. The toughness of a 
material can also depend on its Poisson's 
ratio. Specifically, the critical tensile stress 

(10) for fracture of a solid of surface tension 
T, Young's modulus £, with a plane circular 
crack of radius r is [ir£T/2r(l - v 2 )] ,/2 . 
When the Poisson's ratio approaches -1.0, 
the material is predicted to become very 
tough. 

Applications of novel, reentrant foams 
with negative Poisson's ratios may be envis- 
aged in view of these properties. An example 
of the practical application of a particular 
value of Poisson's ratio is the cork of a wine 
bottle. The cork must be easily inserted and 
removed, yet it also must withstand the 
pressure from within the bottle. Rubber, 
with a Poisson's ratio of 0.5, could not be 
used for this purpose because it would ex- 
pand when compressed into the neck of the 
bottle and would jam. Cork, by contrast, 
with a Poisson's ratio of nearly zero, is ideal 
in this application. It is anticipated that 



reentrant foams may be used in such applica- 
tions as sponges, robust shock-absorbing 
material, air filters, and fasteners. 
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GIARDIASIS, A MAJOR HUMAN IN- 
testinal disease worldwide, is trans- 
mitted by ingestion of the oval cyst 
form of Giardia. lamblia from fee ally contam- 
inated water or food (1). Exposure of cysts 
to gastric acid triggers excystarion in the 
duodenum (2). Emerging flagellated tro- 
phozoites divide and colonize the small in- 
testine where some remain and cause diar- 
rhea, while others encyst and are passed in 
feces, completing the life cycle (3). Al- 
though trophozoites can be cultured in vitro 
(4), neither encystation nor expression of 
cyst antigens in vitro has been reported. The 
studies presented here were designed to (i) 
elucidate the process of encystation in vivo; 
(ii) develop sensitive reagents for the detec- 
tion and quantitation of differentiation in 
vitro; and (iii) develop a system for induc- 
tion of encystation of trophozoites cultured 
in vitro. 

Since little is known about encystation of 
G. lamblia, we studied the location of cysts 
and trophozoites along the small and large 
intestine of suckling mice as a function of 
time after infection. Thrcc-day-old suckling 
mice (strain CF1) were infected (5) with 10* 
axcnically cultured G. lamblia trophozoites 
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by direct transcutaneous injection into the 
milk-filled stomach (6). Trophozoites of 
strain WB (ATCC #30957) had been 
grown to late log phase in supplemented (<5) 
Diamond's TYI-S-33 medium (7) as de- 
scribed (8) y washed, and resuspended in 0.2 
ml of 0.1M phosphate- buffered saline (PBS; 
pH 7.2). Wc found cysts in every intestinal 
section, although few were in the duodenal 
section U D" (Fig. 1). Through day 16, large 
numbers of cysts were in sections 3 or 4 
(mid to lower jejunum). As infection pro- 
gressed, increasing proportions of cysts were 
found in the large intestine. Since cysts arc 
not motile and therefore move downstream 
with the flow of intestinal fluid, sections 3 
and 4 appeared to be major sites of encysta- 
tion. The percentage of parasites in cyst 
form per mouse averaged 8.6 (from nine 
determinations, days 4 through 20, range, 
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Encystation and Expression of Cyst Antigens by 
Giardia lamblia in Vitro 
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The cyst form of Giardia lamblia is responsible for transmission of giardiasis, a 
common waterbornc intestinal disease. In these studies, encystation of Giardia lamblia 
in vitro was demonstrated by morphologic, immunologic, and biochemical criteria. In 
the suckling mouse model, die jejunum was shown to be a major site of encystation of 
the parasite. Small intestinal factors were therefore tested as stimuli of encystation. An 
antiserum that reacted with cysts, but not with cultured trophozoites was raised in 
rabbits and used as a sensitive probe for differentiation in vitro. Cultured trophozoites 
that were exposed to bile salts showed a more than 20-fold increase in the number of 
oval, retractile cells that reacted strongly with anticyst antibodies, and in the expression 
of major cyst antigens. Exposure to primary bile salts resulted in higher levels of 
encystation than exposure to secondary bile salts. These studies will aid in understand- 
ing the differentiation of an important protozoan pathogen. 
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SOMMARIO 

Nel presente articolo vengono esaminate alcune proprieta meccaniche e dielettriche di 
schiume poliuretaniche auxetiche con e senza ricoprimento superficiale a base di fluido 
magnetoreologico (MR). Le schiume auxetiche mostrano capacita' di ricovero a carichi 
dinamici (crash) superiori alia schiuma convenzionale di base. Le proprieta* dielettriche, in 
particolare i fattori di perdita nel campo delle frequenze sono incrementati dalla presenza di 
un ricoprimento a base di liquido magnetoreologico. 

ABSTRACT 

The following paper shows a comparative study on the mechanical and dielectric properties of 
a novel class of auxetic (negative Poisson's ratio) rigid polyurethane foam. An auxetic solid 
expands in all directions when pulled in only one, thus behaving in an opposite manner 
compared to "classical" solids. The auxetic PU foam considered shows enhanced 
crash worthiness properties, and nonlinear elastic restoring force capabilities. Samples of 
auxetic foam coated with MR fluid allow also a substantial increase in dielectric loss factors 
when compared to conventional foams. 

1. INTRODUCTION 

Since 1987, when isotropic auxetic foam was manufactured for the first time [1], negative 
Poisson's ratio materials have created some interest for potential applications in various 
fields, such as structural integrity compliant structures and sandwich components [2]. By 
definition, an auxetic (or negative Poisson's ratio) material expands in all directions when 
pulled in only one, giving therefore a deformation kinematics opposite to the one of 
"conventional" materials. A negative Poisson's ratio coefficient for a material could lead, for 
example, to an increase in indentation resistance [3], enhanced bending stiffness and shear 
resistance in structural elements [4-5] and optimal passive tuning of structural vibrations [6]. 
Applications exist for materials that exhibit simultaneously enhanced performance in the 
structural and electromagnetic domains. An electromagnetic analogue of an ' auxetic 
characteristic does not exist, and a beneficial auxetic behaviour is not necessarily 
accompanied by improved performance in the electromagnetic domain. However, the authors 
have shown that auxetic materials exhibit a wide range of electromagnetic properties, and 
these can affect better designs in the electromagnetic domain [7,8]. An important engineering 
application that requires enhanced structural and electromagnetic performance is shielding, 
where a mechanically protective structure is also required to absorb or reflect electromagnetic 
waves. 



Foam materials are widespread used for packaging solutions and applications like automotive 
trimming, seat cushion, acoustic insulation [1, 13]. They constitute also a core base material 
for Salisbury screens or EM wave absorber structure [7, 8]. The dimensionless quantity 
relative permittivity (written as s r ) is the electromagnetic parameter that dictates the 
electrical characteristics of a material. It is a measure of the polarizability of a material and 
can be a real, complex or tensor quantity. Relative permeability (ju r ) is the equivalent 
quantity for magnetic fields. When an electromagnetic wave is incident upon a boundary 
where there is a change in the ratio ju r I s r reflections occur and some of the energy present in 
the incident wave is not transmitted through the boundary. Furthermore, if either ^or/^are 
complex, energy in this region will be absorbed and dissipated as heat. To construct an 
absorbing or reflecting shield, it is therefore necessary to control the complex permittivity 
and/or permeability of the shielding material. Conventional foams are not efficient absorbers 
or reflectors; this is because their electromagnetic properties do not differ markedly from 
those of free space (due to the low material volume fraction of foams and the low relative 
permittivity and permeability of the base materials). However, treated auxetic foams can 
exhibit a higher effective permittivity and permeability, which potentially opens up new 
applications related to shielding and packaging. 

Auxetic open cell polymeric foams show significant strain dependence over the Poisson's 
ratio [9], and enhanced resilience under compression, with a nearly linear relationship up to 
40 % strain [1]. The same improvement in resilience can be found also in foam under 
permanent uniaxial compression [10], although they do not show a negative Poisson's ratio 
behaviour. In this paper is described a type of negative Poisson's ratio PU foam exhibiting 
some characteristic features of polymeric auxetic foams published in open literature: 
enhanced resilience under compression, strain dependence of the Poisson's ratio, with a 
significant resilience under high constant strain loading. In fact, while the conventional grey 
PU foam used for manufacture of the auxetic foam did not show any particular resilience 
under such loading (up to 54s~* on samples with a length of 0.04 m), the auxetic foam 
indicated a stress-strain relation characteristic of high density polyurethane foams [1 1]. 
The paper describes the set of mechanical and electromagnetic tests performed to measure the 
Poisson's ratio under uniaxial tension loading, static compression, tension characteristics, 
magnetic permittivity and dielectric loss factor of the conventional and auxetic foam. The 
high constant strain rate (dynamic crush loading) of the foams has been performed using a 
cam plastometer capable of maximum strain rates of 200 s"\ and especially designed to test 
polymeric foams. The results have been then postprocessed using the Nagy rheological law 
[14] for high constant strain rate loading for future implementations in crashworthiness 
simulations codes. Mechanical tensile and EM tests have also been performed on samples of 
auxetic foam coated with MR fluid. MR fluids are composed by dispersions of metal (iron) 
particulate in a solution composed typically by silicon or mineral oil. The response of MR 
fluid results fro the polarisation of suspended particles by application of external magnetic 
field, giving rise to an increase in viscosity of the whole solution [17]. In the context of this 
paper, the MR fluid has been used as a coating medium to provide interaction between inserts 
(carbonyl particles) and the struts of the foam unit cells under external field. 

2. MECHANICAL PROPERTIES 

The auxetic foam specimens were manufactured from open cell polyurethane foam supplied 
by McMaster-Carr Co., Chicago, IL. The density of the foam was 32 kg m" 3 . The foam was 
cut into circular specimens, inserted in a mould made from aluminium tubes and put inside a 



constant temperature oven, following a manufacturing route described in [12]. The auxetic 
specimens had a final diameter of 0.019 m, with a length of 0.040 m. 

A magnetorheological fluid (Lord MF132) was used to coat some auxetic samples. The fluid 
is composed by iron carbonyl particles with average diameter of 5jam embedded in a silicon 
oil solution. The coating was performed putting the samples in a tray filled with MR fluid, 
and letting a constant roll of the specimens in order to obtain a uniform coating distribution 
on the external surface. The samples were then left to expel the excess of fluid for 48 hours. 

2.1 Testing methods 

The Poisson's ratio of the auxetic foams was measured using an Image Data Detection 
technique applied to pictures of the foam specimens collected under tensile loading using a 
high quality digital camera. The outer edges of auxetic foam sample were connected in the 
longitudinal direction to the internal surface of a clamp using epoxy glue, and different tensile 
engineering strains (up to 135%) were applied. After each loading, the specimen was returned 
to the initial undeformed position. For each applied strain, images were taken in the loaded 
and unloaded states. The edges of the specimen were detected from the images using Mallat's 
wavelet image detection method [12] implemented in the MATLAB programming 
environment. All edge measurements were taken in pixels, and the lengths measured excluded 
the epoxy glue parts of the foam, so that the Saint Venant effects due to the clamp boundaries 
were avoided. The tests were carried out at a temperature of 19° Celsius. 
The static uniaxial tension and compression tests were performed on the conventional and 
auxetic foams using a Hounsfleld Tensometer. The foam samples were connected to clamps 
with epoxy glue, and the load applied with steps of 2.5 N on average. The maximum load 
applied during the tensile tests in tension was 40 N (both for the conventional and auxetic 
foam). In the case of the compression tests, the maximum load for the different samples was 
50 N. Measurements were taken at intervals of 20 sec, to avoid hysteresis during the recovery 
period of the samples. All tests we carried at a temperature of 18° Celsius. 
The dynamic crash loading tests were performed using a cam plastometer [12] developed for 
constant high strain rate tests with large displacements. The profile of the cam dictates the 
displacement-time relationship during loading. The cam plastometer used in these 
experiments is capable of conducting tests at constant true strain or constant engineering 
strain at rates up to 200 s" ! and displacement up to 50 mm. For the tests a cam were used to 
provide displacements of 50 mm at a constant cross-head velocities, which generated constant 
engineering strain rate loading of the sample. Selecting different gears in the transmission 
between the driving motor and the loading cam varied the strain rate. The eight 40 mm long, 
19 mm diameter specimens were packed together to form a quasi circular cross section of 80 
mm diameter. The tests were conducted using three constant engineering strain rates of 54s" 1 , 
38s" 1 and 15 s" 1 , equivalent respectively to velocities of 5.4, 3.8 and 1.5 m s" 1 . The signals 
related to the reaction forces and displacement histories were detected using a NovaTech 
lOkN load cell and a purpose made capacitive displacement transducer respectively. The 
output signals were collected using a LabView program through a NI DataTranslation 3005 
multifunctional I/O board in an Intel based PC. The signals were sampled at a frequency of 
350 Hz. The same test procedure was also carried out on a similar package of normal open 
cell polyurethane foam to perform a comparison between the positive and negative Poisson's 
ratio cellular solids. All test were performed at a temperature of 18° Celsius and relative 
humidity around 45 %. The auxetic foam samples with MR fluid coating were tested at the 
same environmental conditions under quasistatic tensile test only. 



2.2 Results 



Figure 1 shows the behaviour of the Poisson's ratio versus the tensile engineering strain. One 
can observe that the measured Poisson's ratio mean value is approaching -0.04 for tensile 
strains between 60 % and 117 %. After those values, the Poisson's ratio of the specimen 
increases for increasing tensile loading, in a similar manner to other auxetic foams tested in 
literature. Compared to other auxetics foams [4, 9], the measured values of the Poisson's ratio 
are, at least, one order of magnitude lower. Although small, the auxetic effect of the 
specimens was noticeable, particularly considering the fact that the original open cell 
polyurethane foam had a density around 30-35 pores per inch. 




Fig 1. Strain dependence of the Poisson's ratio under tensile test. 

Figure 2 shows the static tensile tests results carried out on the conventional and auxetic foam 
samples. The conventional grey rigid PU foam behaves in compression and tension like a 
typical elastic-plastic foam [13]. In compression, the linear elastic part of the stress-strain 
curves shows a Young's modulus of 470 kPa, and a plastic yielding stress of 46 kPa. The 
densification effects become important after engineering strains higher than 60 %. In tension, 
the linear elasticity part of the curve gives a Young's modulus of 780 kPa, with a plastic yield 
of 45 kPa, and a failure stress of 93 kPa at 35 % of elongation. The auxetic PU foam has a 
peculiar behaviour, in particular for tension loading. The linear elastic part of the stress-strain 
curve indicates a Young's modulus of 1 MPa. The yield stress of 62 kPA occurs at a strain of 
2.2 %. After that value, the plateau region of the curve extends to strains up to 120 %. This 
fact is explained by the unfolding of the convolute cell ribs under pure tensile loading, giving 
rise to a significant elongation of the specimen under test. The compression tests for the 
auxetic foam give results similar to other grey negative Poisson's ratio foams [9], with a 
Young's modulus of 105 kPa, lower than the corresponding one for conventional foams. It 
also showed that densification effects become important after engineering strains of 40 %. 
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Fig. 2. Static tensile test results (tension and compression) of conventional and auxetic PU 

specimen 



The remarkable difference in mechanical behaviour between conventional and auxetic foam 
was apparent for high constant strain loading. Figures 3 and 4 show the time histories of the 
auxetic and normal specimens, respectively. The auxetic specimens were loaded under a 
constant strain rate of 15s' 1 [12]. It is evident that the auxetic samples clearly show a time- 
load history when subjected to dynamic crushing. In comparison, the normal open cell 
samples do not show any kind of noticeable resilience under high-strain rate loading. In 
Figure 4 one can notice that the load overshoot is due only to the load cell sensitivity when 
the upper plate of the cam plastometer approaches contact with the lower plate. Apart from 
this peak, only the sensor noise is recorded. 




Fig. 3. Time history of displacement and Fig. 4. Time history of displacement and 

reaction force recorded on the auxetic reaction force recorded on the conventional 

specimen rigid PU foam specimen 



Figure 5 shows the experimental results of the auxetic foam samples under different constant 
strain rate values. The auxetic foam behaves in a similar manner to high-density foams under 
crush loading, with low sensitivity to different strain rate values [11]. This fact is explained 
by the manufacturing process used to convert conventional cellular solids into negative 
Poisson's ratio ones, involving multiple compressions to deform the unit cell and buckle its 
ribs [2, 4]. 

The data from the auxetic foams have been then processed to extract a stress-strain curve 
using the model suggested by Nagy et ah [14]. The experimental data were fitted with a 
polynomial of order 9, and then fitted to the following formula: 



<r(f)=o- 0 (^j-j 



Where cr Q {s) is a reference stress-strain curve and e q is the reference strain rate. The 
coefficients a and b were identified through a non-linear Least Square fitting technique. The 
reference strain rate s 0 was 1.43 s" 1 . Figure 6 shows semi-empirical stress-strain relations 

found with Equation (1) for the different constant strain rates. One can notice the influence of 
the strain rate loading only during the densiflcation phase in compression of the foam 
samples. At 38 s* , the stresses during the densification phase are higher compared to the ones 
at 15 s" 1 but, for the case of 54 s'\ the stress levels are comparable to the ones of the lower 



constant strain rate value. The effect from the different strain rate loading is small and, at this 
stage, we are not able to give a full explanation of the phenomenon. We observe only that 
microinertia [13] and gas stiffening effects within the pores when considered as enclosed 
cavities [15] could contribute to the dynamic crushing loading behaviour of cellular solids. 
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Fig 5. Experimental stress-strain values for the 
auxetic foam specimen under different constant 
strain rate values. 



Fig 6. Interpolated stress-strain curves Nagy's 
Law. 



The MR seeded foam samplewas subjected to quasistatic pure tensile loading. Figure 6 shows 
the different behaviour of the foams under tensile loading, and their elastic recovery due to 
the particular manufacturing process. The MR fluid seeding gives rise to a slight scaling down 
of the tensile properties of the dry auxetic foam. In fact, the Young's modulus is decreased in 
this case to a value of 290 kPa, while the plateau stress is of 21 kPa. However, also in this 
case, the plateau region goes well beyond the rupture point of the conventional foam, and the 
MR seeded auxetic foam shows the same elastic force restoring characteristics of its dry 
version. 
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Figure 7. Comparison between the different foarns subjected to pure tensile loading 



3. ELECTROMAGNETIC PROPERTIES 

The permittivity and permeability of four foam specimens has been measured at microwave 
frequencies. The foam specimens comprised a conventional rigid PU foam, two auxetic PU 
samples and one auxetic PU coated with the Lord MRF132 fluid. Measurements were taken 
over the band 12.4-18GHz, which encompasses the higher radar bands. Thus the foam 
measurements examine the suitability of the specimens as components in structural radar 
absorbers. Measurements were carried out using conventional S-parameter techniques, 
whereby the complex reflection and transmission coefficients relating to each specimen were 
measured and used to determine the permittivity and permeability of each specimen [16]. The 
measurements were carried out in rectangular waveguide having nominal transverse 
dimensions 23mmxl 1mm (these are also the sample dimensions). Measured permittivity and 
permeability data for the four specimens are shown in Figures 8-11. 

The measured relative permittivity and permeability data for the PU foam specimens are 
similar to free space values (i.e. 1). These foams will therefore have little additional impact 
on an electromagnetic system and will not be used in applications that require simultaneously 
structural and electromagnetic performance. Data for the auxetic foam show an increased 
permittivity and permeability compared to the non-auxetic foams. Auxetic materials tend to 
have a higher relative density than non-auxetics [7-8, 12-13], a property that increases the 
relative permittivity of the material. The iron carbonyl in the MR fluid increases further the 
permittivity (and permeability) of the auxetic foam. Nonetheless, the relative values shown in 
Figures 8-11 for the MR specimen remain low compared to other dielectric and magnetic 
materials. The materials investigated in this study will have few applications; however, the 
sample properties were not optimized to achieve a desired electromagnetic effect and further 
developments in tailoring the foams' electromagnetic properties can be expected using 
alternative MR fluid mixtures. 




Fig 8. Measured real part of permittivity of the four foam specimens 
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4. CONCLUSIONS 

In this paper a comparative experimental study on some mechanical and dielectric properties 
rigid polyurethane conventional and auxetic foams has been presented. A set of auxetic foams 
has also been seeded with magnetorheological fluid during the manufacturing process, in 
order to induce a coating on the external surface of the foam samples. The auxetic foams 
showed enhanced resilience under dynamic crushing loading and elongation capacity under 
pure tensile test up to 135 %, while the conventional foam had an ultimate load at 35 % of 
elongation. The presence of the MR fluid coating affected the tensile behavior with surface 
effects, with a slight decrease in terms of yield stress, but the long plateau area originated by 
the unfolding of the ribs was maintained. The auxetic foam samples showed an increase in 
terms of relative permittivity, also because of their increase in terms of relative density. The 
presence of the iron particulate of the MR coating helped to increase substantially the EM 
properties of the auxetic foam. 
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ABSTRACT 

Foam materials based on metal and several polymers were transformed so that their 
cellular architectures became re-entrant, ie. with inwardly protruding cell ribs. Foams with 
re-entrant structures exhibited negative Poisson's ratios as we!) as greater resilience than 
conventional foams. Foams with negative Poisson's ratios were prepared using different 
techniques and materials and their mechanical behavior and structure evaluated. 

1. INTRODUCTION 

1.1 Conventional Foams 

Cellular solids, or structural foams, constitute a class of composite materials in which 
one phase is gaseous. Such foams are manufactured for a wide variety of applications; 
moreover, cellular solids occur in nature, eg. wood and bone. Foam materials may be 
classified as open cell, in which the interior of each cell communicates with the outside 
atmosphere; closed cell, in which each cell is sealed by cell walls; and mixed, in which both 
open and closed cells are present. The mechanical properties of foams are determined by 
the properties of the parent solid material; the volume fraction of solid material, equivalent 

to the relative density Pfoanj/P solid; and me ce ^ structure. As for the cell structure, the cells 
of most man-made polymer foams have a shape which can be modelled by the Kelvin 
minimum area tetrakaidecahedron [1]. This polyhedron, depicted in Fig. 1, is convex and 
has eight curved hexagonal faces and six curved square faces. The mechanical properties of 
foams can, however, be modelled using simple structural arguments in which the dominant 
deformation mode is assumed to be the bending of the cell ribs, combined with empirical 
determination of scaling constants [2,3], Many mechanical properties can be successfully 
predicted by such an approach. In this article we are concerned principally with Young's 
modulus and Poisson's ratio. The modulus of elasticity E of open cell foams is given in 

terms of the density of the solid phase p SO Hd and ^ density of the foam Pf oflm > by 

EfoanV^solid = [pfoan/P solid] 2 - (1) 
"Many closed cell foams have very thin cell walls and most of the material is in the ribs. 
Such foams also follow Eq; 1. Poisson's ratio based on this foam theory is given, for all 
densities, by 

v = 0.33. (2) 

The plastic collapse stress a pl for a foam in which the cell ribs yield (at a stress (Jy), is 
given, for relative density less than 0.3, by 

V o y - 0.3 [p foan /p S olidl 3/2 . (3) 
This article deals with foam materials with cell structure which differs considerably from 
that of the conventional foams considered in [2,3], 

1.2 Re-entrant Foams 

Nearly all ordinary materials, including foams, exhibit a positive Poisson's ratio, that 
is, they become smaller in cross section when stretched and larger when compressed. 
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Theoretically, however, negative Poisson's ratios are permissible. In particular, the 
allowable range of Poisson's ratio for an isotropic material is -1.0 to +0.5 [4]. Recently, 
one of the authors reported a new class of foam materials which exhibits a negative 
Poisson's ratio as well as other characteristics such as enhanced resilience [5,6], These 
materials were produced by transformation of a conventional foam so that the cell ribs 
protrude inward rather than outward: a 're-entrant* structure. Fig. 2 displays an idealized 
re-entrant unit cell. To visualize the relationship between structure and Poisson's ratio, 
imagine tension to be applied to the vertically protruding ribs. The ribs in the lateral 
directions will tend to move out, causing lateral expansion. When compression, is applied, 
the ribs, which are already curved inward, will bend inward further, thus resulting in lateral 
contraction in response to axial compression. 

The technique for creating the re-entrant structure is to apply, by some method, 
permanent compression in three orthogonal directions. A foam with relatively low volume 
fraction of material must be used such that buckling of ribs may occur. Two methods were 
found suitable for creating re-entrant cell structures [5,6]. For thermoplastic polymer 
foams, the procedure entails triaxial compression by a factor of 1.4 to 4 in volume, 
followed by heating to a temperature above the softening point, followed by cooling under 
the volumetric constraint. For metallic foams made of ductile metal, the procedure consists 
of applying uniaxial compression at room temperature until the foam yields. Additional 
compressions are applied sequentially in each of three orthogonal directions until the 
desired volume change is achieved. The thermal transformation technique used on 
thermoplastic foams - would, in principle, be applicable for metal foams. However, 
difficulty may be' experienced due to the high, sharp melting point of such materials. 

Re-entrant foams were found to be more resilient than conventional foams. 
Conventional foams typically exhibit an approximately linear compressive stress-strain 
curve up to about 5% strain [2,3], Re-entrant foams exhibit a nearly linear relationship 
between, stress and strain up to about 40% strain, depending on the amount of permanent 
compression applied in transformation [5,6]. A similar improvement in resiliency has been 
reported in foams with permanent uniaxial compression [7j, but these foams do not exhibit 
a negative Poisson's ratio (5,6]. 

No restriction is imposed on the size of the cell structure since the theory of elasticity 
has no length scale. In principle, low density foams with microstructure on a scale smaller 
than one micron [1 um] could be transformed to re-entrant structures with a negative 
Poisson's ratio [5]. 

Several other examples of materials exhibiting a negative Poisson's ratio are known. A 
"single crystal", possibly a twinned crystal, of pyrite with a Poisson's ratio of -0.14 was 
recognized by Love [8]. Other examples of a negative Poisson's ratio axe in anisotropic 
single crystal cadmium in some directions [9] and in anisotropic, macroscopic two- 
dimensional flexible models of certain honeycomb structures (not materials) in some 
directions [3]. These examples, however, all exhibit a high degree of anisotropy; the 
negative Poisson effect only occurs in certain directions and then may be dominated by 
coupling between stretching force and shear deformation. An additional example of a 
structure with a negative Poisson's ratio is a framework of rods, hinges, and springs [10]. 

The objectives of this study were to develop and evaluate techniques transforming 
polymer and metal foams into materials with re-entrant microstructures. 

2. MATERIALS AND METHODS 

2. 1 . Sample Preparation 

2.1.1 Thermoplastic Foam Transformation 

Polyester methane foam of solid volume fraction 0.043 was used for this segment. 
The method used was to pack the foam into a square cross section aluminum tube 22 mm 
by 22 mm in interior dimensions, such that an approximately equal compression in each of 
three orthogonal directions was applied to the sample. This tube was heated at 200°C in a 
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tubular furnace for approximately seven minutes and cooled to ambient temperature. 
Several such specimens were prepared. The permanent volumetric compression ratio in the 
material reported here was 3.4. 

2.1.2 Thermosetting Foam Formation and Transformation 

In this study, a RTV (room temperature vulcanizing) elastomeric silicone foam was 
chosen as a representative sample of a thermosetting polymeric foam. It was obtained from 
the manufacturer [1 1] as a two part mixture. Specific mixing instructions of the ingredients 
(silanol-terminated polymers, a cross-linking agent, a catalyst, and a foaming agent) were 
followed as recommended by the manufacturer. A 1 0: 1 ratio of elastomer base to catalyst 
and a mixing time of 30 seconds were used. According to the manufacturer, foaming is 
completed in about 3 minutes and the material is fully cured in about 24 hours. In order to 
provide adequate mixing, a common paint stirrer inserted in a 3/8 inch hand held electric 
drill was used to stir the preparation during the initial foaming process. Following the 
initial 30 seconds of mixing, the foaming mixture was poured into a container and allowed 
to continue to foam and expand freely, foaming continued for approximately 2 minutes. 
This conventional foam had a solid volume fraction of 0, 14. 

A method was developed in which the foam was mixed as usual and allowed to 
completely foam and set for anywhere from 15 to 30 minutes before triaxial compression 
was applied. Triaxial compression was accomplished using a custom made device. 
Plexiglas® plates coated with petroleum jelly were used to reduce the constraining force 
along the plates parallel to the direction of the applied compression. Compressions ranging 
from 10% to 40% strain in each direction were applied to various samples. The re-entrant 
foam reported here had a permanent volumetric compression ratio of 2.0. 

2. 1 3 Metal Foam Preparation 

A 4x4x2 inch block of copper foam with a pore size of about 1 mm and solid volume 
fraction 0.053 was obtained from a manufacturer [12], The copper foam was transformed 
into re-entrant foam by successive applications of small increments of plastic deformation 
in three orthogonal directions. A vise was used to apply the deformation. Plexiglas® 
sheets with coarse sandpaper covers were used to make an even surface on the faces of the 
vise. Several samples of compressed foam were prepared with strains of 20-35% in each 
of three orthogonal directions. The material reported here had a permanent volumetric 
compression ratio of 1.73. 

2.2 Testing Methods 
2.2.1 Mechanical Tests 

Tensile tests were performed on polymeric foam samples on a servo-hydraulic materials 
testing machine (MTS Model 812, MTS' Systems Corp.; Minneapolis, MN)» Special end 
attachments were devised in accordance with ASTM Standards [13]. These attachments 
allowed for elimination of bending moment through the universal joint such that pure 
tension was applied. Specimens were cemented onto the surfaces of the testing devices, A 
cyanoacrylate adhesive was used for the polyester foams and Duco® cement was used for 
the silicone foams. Special care was taken to ensure that the specimens were centered 
directly with the line of action of the ram of the machine. A strain rate of 0.008 /second 
was used. The specimens were made geometrically similar so that changes in strain with 
time would be similar for all samples. Load versus displacement curves, as plotted by the 
MTS x-y recorder, were obtained for all samples. Engineering stress strain curves were 
derived from these data. 

Uniaxial compression tests were performed using the MTS materials testing machine on 
various samples of re-entrant and conventional copper foam. Specimens were cut into 
geometrically similar pieces using a diamond saw (Low Speed Isomet, Model 11-1180, 
Buehler LTD, Lake Bluff, IL) under water irrigation. Short, stubby samples were cut for 
compression tests. In compression testing, a special tilting compensation plate and end 
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lubrication were used in accordance with ASTM Standards (14]. An initial strain rate of 
,010/min was utilized for both compression tests. 

Load-displacement curves for were recorded for all mechanical tests and high 
magnification video tapings of the tests were taken for future use in measuring Poisson's 
ratios. 

2.2.2 Data Reduction and Measuring Poisson's Ratio 

For all samples tested, engineering stress-strain graphs were made from load 
displacement data. The graphs generally exhibited a bilinear form, therefore, elastic moduli 
for the Silastic® foam samples were measured for different regions of strain. Ei, which 
corresponds to a Young's modulus, was measured as the slope of the stress-strain curve in 
the region of just above zero to 1.5% strain and £2, corresponding to a tangent modulus, 
was measured as the slope in the region of 3.5% to the final strain. 

The Poisson's ratios of all samples tested was determined by viewing the high 
magnification video tapes of the tensile tests and measuring the displacements in both axial 
and transverse directions simultaneously. Other methods of measuring Poisson's ratio 
which comply with ASTM Standards [15] were tried and found unsuitable due to the 
inherently rough, porous surface of the foams. 

2.3 SEM Evaluation of Foams 

Sc^anning electron micrographs of re-entrant and conventional foams were taken at low 
magnifications to display the coarse cell structure. Accelerating beam voltages were 15 kV 
for the polyester and copper foams and 8 kV for the silicone rubber foams. The polyester 
and silicone rubber foams were sputter- coated with AuPd; the copper foams, being 
electrically conductive, did not require coating. Micrographs of polyester foam were taken 
of a re-entrant sample, a re-entrant sample in a state of tensile strain of approximately 40%, 
and the conventional foam. Micrographs of re-entrant and conventional copper and silicone 
rubber foams were also taken. 

3. RESULTS AND DISCUSSION 
3.1 Mechanical Tests 

Figures 3-6 show that typical stress-strain curves for the thermosetting, thermoplastic, 
and copper foams. Table 1 contains a summary of the tensile tests of the Silastic® foam 
shown in Figure 3, as well as results dealing with the anisotropy of Poisson's ratio 
measured in different directions. Observe that the elastic moduli (E] and Ej) for the re- 
entrant foams are much lower than for the conventional foam control. It was found that 
25% permanent axial strain (which corresponds to about a factor of 2 permanent volumetric 
compression ratio) yielded the best results for silicone rubber foams. Both re-entrant 
samples had a substantial negative Poisson's ratio and the difference between the values 
can be accounted for by the nonuniformity of the original foam structure. The conventional 
control sample had a Poisson's ratio of around +0.5. Typical, foams have a Poisson's ratio 
of +0.3 ± 0.1. The anisotropy of the foam would account for the abnormally high 
Poisson's ratio. 

Figure 4 is a tensile stress-strain graph of conventional and re-entrant polyester 
polyurethane (thermoplastic) foams. The conventional foam had a solid volume fraction of 
0.043 and exhibited a Poisson's ratio of about +0.4. The re-entrant foam had a permanent 
volumetric compression ratio of 3.4 and a Poisson's ratio of -0.4. The increased resilience 
of the re-entrant foam is evident from the curves shown in Fig. 4. 

Analysis of compressive tests on re-entrant and conventional copper foams yielded the 
stress-strain curves given in Figure 5. The conventional foam had a solid volume fraction 
of 0.053. The re-entrant sample had a permanent volumetric compression ratio of 1.7. As 
can be seen from Figure 6, a graph of the small strain region of the stress-strain curve, the 
re-entrant foam was less stiff than the conventional foam. The conventional copper foam 
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exhibited a Poisson's ratio of about +0.42, typical for a foam material In contrast, the re- 
entrant copper foam exhibited a Poisson's ratio of -0.39 in the initial stages of compression 
with progressively increasing values as the magnitude of axial strain increased. 

The mode of deformation in the copper foam may be elucidated by evaluation of the 
plastic collapse stress of the conventional foam and comparison of this value with values 
predicted from the theory of cellular solids for different deformation modes. By use of 
Equation 3, which predicts the plastic collapse stress of foams which yield, it was found 
that the predicted plastic collapse stress differed from the observed plastic collapse stress of 
copper fqam by only a factor of 1.2. The ideal foam theory predicts the major mode of 
deformation in the copper foams to be by plastic hinge formation. Microscopic examination 
of re-entrant foam structures, however, suggests that plastic buckling of the ribs also 
occurs. 

3.2 SEM Results 

Figure 7 shows the micrograph of the conventional polyester foam sample. The cells 
in this foam are rather round and symmetrical, similar to tine ideal cell structure shown 
previously in Figure i. In contrast, the cells of the re-entrant foam, shown in Figure 8, are 
convoluted and buckled, depicting the typical re-entrant structure. Figure 9 displays re- 
entrant foam under tension. The underlying kinematics responsible for the negative 
Poisson's ratio may be visualized from this micrograph. In comparison to the ribs of the 
cells in the unstrained re-entrant foam of Figure 8, the cell ribs of the strained re-entrant 
foam are straightened outward and the resulting cell structure is more similar to that of the 
conventional foam. 

It can also be seen from Figures 7-9 that the polyester foam is actually a pan closed, 
part open cell structure. The cell walls, however, appeared to be nearly translucent under 
optical microscopic examination and were very thin. This finding confirms the supposition 
[2,3] that man-made foams, even if closed cell in nature, often behave as an. open-cell 
foam. Figure 9 shows a sample in a strained state: many of the cell walls have been torn or 
ruptured yet the ribs were intact. This observation supports the idea that the ribs are of 
greater mechanical importance than the walls in such foams, 

SEM micrographs of a typical conventional and re-entrant Silastic® foam are shown in 
Figures 10 and 11, respectively. In the micrograph of the conventional foam in Figure 10, 
one can see from the relative thickness of the ribs that the Silastic® foam has a much higher 
solid volume fraction in comparison with the polyester foam shown in Figure 9, in 
agreement with the quantitative measurements of density described above. Also illustrated 
in Figure 10 is the nonuniformity in pore size. These two observations would indicate that 
this Silastic® foam might not respond to the transformation technique as well as some other 
lower density, more uniform _foams such as the polyester foam. Figure 11 shows the re- 
entrant Silastic® foam after aperrnanent'triaxial compression of approximately 25%. As 
one can see from Figure 11, the Silastic® re-entrant foam does exhibit a re-entrant type 
structure, however, this structure is not as clear and defined as with the lower density 
polyester re-entrant foams. This finding corresponds to the previous observation that the 
higher relative density Silastic® re-entrant foams do not exhibit as negative a Poisson's 
ratio as the lower density polyester re-entrant foams. 

Figures 12 and 13 show micrographs of the conventional and re-entrant copper foam, 
respectively. From these pictures, one can see the typical strut-buckled re-entrant structure 
illustrated in the re-entrant copper foam. Also seen in this foam, however, are the 
deformations of the 'hinges* between the ribs. The SEM photographs thus provide 
verification of the predictions of foam theory. 
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4. CONCLUSIONS 

We draw the following conclusions. 

1 . Three methods are successful in transforming conventional foams to re-entrant foams. 
These methods' are: triaxial compression followed by heat treatment for thermoplastic 
polymer foams; triaxial compression during the foaming process for thermosetting polymer 
foams; and sequential plastic compression in three directions for metal foams. 

2. Re-entrant foams exhibited negative Poisson's ratios and had Young's moduli which 
were smaller than those of conventional foams, 

3. Re-entrant polymer foams were more resilient than the corresponding conventional 
foams. ' . . 

4. Re-entrant transformation of metal foam involves both plastic hinge formation and 
plastic buckling of die cell ribs. 
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FIGURES 




1 . Idealized unit cell of conventional foam. 




Idealized unit cell of re-entrant foam. 
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Strain 

Tensile stress-strain curves for conventional and re-entrant silicone rubber foams. 
Squares; conventional foam. Solid volume fraction: 0.14. 
Solid symbols: two specimens of re-entrant foam. 
Permanent volumetric compression ratio: 2.0 



• 05/24/2005 10:18 FAX 

v 

Friis/Ukes/Park. 8 



SOOOO 



40000 - 



£ 3000O 1 



S 200OO 
lOOOO 



0 <? 

0.0 




1.0 



0.4 0.6 

Strain 

Tensile stress-strain curves for conventional and re-entrant polyurethane foams. 

Squares : conventional foam. Solid volume fraction: 0.043. 

0: re-entrant foam. Permanent volumetric compression ratio: 3.4. 
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Strain 

5. Compressive stress -strain curves for copper foams. 

squares: conventional foam. Solid volume fraction: 0,053. 

0: re-entrant foam. Permanent volumetric compression ratio: 1.7. 
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Strain 

6. Initial region of compressive stress-strain curves for copper foams, 
squares: conventional foam. Solid volume fraction: 0.053. 
0: re-entrant foam. Permanent volumetric compression ratio: 1 .7. 

7 Scanning electron micrograph of conventional polyester foam. 

Solid volume fraction: 0.043 . For these see the original article. 

8 Scanning electron micrograph of re-entrant polyester foam. 

9. Scanning electron micrograph of re-entrant polyester foam stretched vertically. 

10. Scanning electron micrograph of conventional silicone rubber foam. Solid volume 
fraction: 0.14. 

1 1 . Scanning electron micrograph of re-entrant silicone rubber foam. 

12. Scanning electron micrograph of conventional copper foam. 

Solid volume fraction: 0.053. 

1 3 . Scanning electron micrograph of re-entrant copper foam. 
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Table 1. Tensile test results for re-entrant and control Silastic® foams. 



Specimen 


Permanent 
Strain(%) 




Modulus of 

Elasticity 

(MPa) 


Poisson's 
Ratio 




Density 
(g/cm?) 






£z 


Ej 


E2 


vi v 2 


v 3 


P 


Control 

Re-entrant 

Re-entrant 


0 0 
28.6 24.4 
28.6 24.4 


0 

25.6 
25.6 


17.38 

4.78 

4.33 


26.00 
11.83 
13.30 


0.58 0.43 
-0.19 -0.25 
-0.09 -0,05 


0.47 
-0.15 
-0.03 


0.15 
0.30 
0.25 



